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Strong decays of the higher excited ΛQ and ΣQ baryons
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In this work, we preform a systematic study of the strong decays for the higher singly heavy baryon resonances
ΛQ(3S ), ΛQ(2P), ΛQ(2D), ΛQ(1F), ΣQ(3S ), ΣQ(2P), ΣQ(2D), and ΣQ(1F) within the
3P0 model. Our results
show that most of the λ−mode higher excited ΛQ and ΣQ states have a relatively narrow width, and mainly
decay into two-body final states with one heavy meson plus one light baryon. Our calculations provide abundant
theoretical information and demonstrate the general feature for these higher states, which may be valuable for
future experimental searches and establishing the singly heavy baryon spectrum.
PACS numbers:
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I. INTRODUCTION
Recently, the observations of the singly heavy baryon spec-
trum have achieved significant progress in experiments. In
2017, a new charmed resonance Λc(2860) was observed in
the D0p final state by the LHCb Collaboration [1]. Just in
the same year, they also found five narrow Ωc resonances in
the ΞcK invariant mass [2], and most of them were confirmed
by the Belle Collaboration subsequently [3]. In 2018, two bot-
tom resonances Σb(6097) and Ξb(6227) were found in the Λbpi
and ΛbK final states at LHCb, respectively [4, 5]. In 2019,
the LHCb Collaboration reported the observation of two bot-
tom baryon resonancesΛb(6146) andΛb(6152) in theΛbpi
+pi−
channel, which are good candidates of the D−wave Λb dou-
blet [6]. The experimental progress provides fruitful infor-
mation for us to establish the low-lying singly heavy baryon
spectrum.
Focusing on the nonstrange sectors ΛQ and ΣQ (Q = c, b),
plenty of theoretical works have been made to investigate
these low-lying singly heavy baryons [7–34]. In the tradi-
tional quark model, the ΛQ and ΣQ states belong to the anti-
symmetric flavor structure 3¯F and symmetric flavor structure
6F , respectively. Take the low-lying Λc spectrum for exam-
ple, the Λc(2286) is the ground Λc state, and the Λc(2595)
and Λc(2625) can be explained as the two P−wave states [35–
38]. The Λc(2765) can be interpreted as the Λc(2S ) state,
whose isospin has been confirmed to be zero by Belle Col-
laboration [39]. The Λc(2860) and Λc(2880) resonances are
consistent with the theoretical predictions of the Λc(1D) dou-
blet with JP = 3/2+ and JP = 5/2+, respectively [40–42].
Under this conventional interpretation, the low-lying λ−mode
Λc spectrum with N = 0, 1 and 2 shells has been established,
and is presented in Fig. 1. Other theoretical investigations of
the low-lying Σc, Λb, and Σb spectra also achieve great suc-
cesses. More interpretations and detailed discussions of these
singly heavy baryons can be found in Refs. [43–47].
Above the DN threshold, three ΛQ resonances Λc(2860),
∗Electronic address: lvqifang@hunnu.edu.cn
†Electronic address: zhongxh@hunnu.edu.cn
LcH2286L
LcH2595L
LcH2625L
LcH2765L
LcH2940L
LcH2860L LcH2880L
S P D
2200
2400
2600
2800
3000
3200
DN
D*N
M
as
sH
M
eV
L
FIG. 1: The mass spectrum of the λ−mode Λc family.
Λc(2880), and Λc(2940) have been found in experiments. Al-
though the Λc(2860) and Λc(2880) lie above the DN thresh-
old, their partial widths decaying into the DN channel are
small for the limited phase space. The Λc(2940) resonance
may favor the λ−mode JP = 3/2− Λc(2P) state in the con-
ventional quark model [1, 9, 10, 48], which is the only higher
excited Λc state in the N = 3 shell. Unlike Λc(2860) and
Λc(2880), the Λc(2940) has large partial decay width of DN
decay mode [48].
It can be noticed that the dominant decay modes of low-
lying singly heavy baryons are heavy baryon plus light meson
channels. While for the high-lying states, the heavy meson
plus light baryon channels, such as D(∗)N, D(∗)∆, B(∗)N, and
B(∗)∆, are open, and these channels may be the dominant de-
cay modes. Especially, the ρ−mode ΛQ and ΣQ states decay-
ing into the heavy meson plus light baryon final states should
be highly suppressed since the light quark system can be re-
garded as the spectator. If one observes a new resonance in
D(∗)N, D(∗)∆, B(∗)N, or B(∗)∆ channel, this resonance strongly
favors the λ−mode assignment.
Except for the Λc(2940), the theoretical attentions are not
enough for the higher ΛQ and ΣQ excitations with N = 3 and
4 shells. There are few investigations of the strong decays
for these higher ΛQ and ΣQ resonances, although some quark
2model studies of the mass spectra can be found in the liter-
ature [7–14]. In fact, the decay properties of the higher ΛQ
and ΣQ excitations are crucial for our searching for them in
experiments. If the higher resonances dominantly decay into
the channels with one heavy meson plus one light baryon,
they may be relatively easy to be observed in these special
channels by future LHCb and BelleII experiments just as the
Λc(2940) resonance has been observed in the D
0p final state.
In this work, we study the strong decays of the higher ex-
cited ΛQ(3S ), ΛQ(2P), ΛQ(2D), ΛQ(1F), ΣQ(3S ), ΣQ(2P),
ΣQ(2D), and ΣQ(1F) states within the
3P0 quark pair creation
model. Our results indicate that most of the λ−mode higher
excited ΛQ and ΣQ states have relatively narrow total widths,
and mainly decay into the heavy meson plus light baryon final
states. Our predictions show the general feature and provide
helpful theoretical information for these higher states, which
may be valuable for future experimental searches.
This paper is organized as follows. The formulas of the
quark pair creation model and adopted notations are briefly
introduced in Sec. II. The strong decay behaviors of the higher
excited ΛQ and ΣQ baryons are estimated in Sec. III and
Sec. IV, respectively. A short summary is presented in the
last section.
II. 3P0 MODEL
In present work, the 3P0 model is adopted to estimate the
OZI-allowed two-body strong decays of the higher excitedΛQ
and ΣQ baryons. This model has been widely employed to in-
vestigate the strong decays of conventional hadrons and meet
with considerable successes [49–59]. For a heavy baryon A,
it can decay into two final states B and C via a JPC = 0++
quark-antiquark pair [49], and the transition operator can be
taken as
T = −3γ
∑
m
〈1m1 − m|00〉
∫
d3p4d
3p5δ
3(p4 + p5)
×Ym1
(
p4 − p5
2
)
χ451,−mφ
45
0 ω
45
0 b
†
4i
(p4)d
†
4 j
(p5), (1)
where γ is a dimensionless constant of the q4q¯5 pair-
production strength. p4 and p5 are the momenta of the cre-
ated quark q4 and antiquark q¯5, respectively. The P−wave
momentum-space distribution of the q4q¯5 can be described by
the solid harmonic polynomial Ym
1
(p) ≡ |p|Ym
1
(θp, φp). χ
45
1,−m,
φ45
0
= (uu¯ + dd¯ + ss¯)/
√
3, and ω45 = δi j are the spin triplet,
flavor singlet, and color singlet wave functions of the q4q¯5,
respectively. The b
†
4i
(p4)d
†
4 j
(p5) stands for the creation opera-
tors, where the i and j are the color indices.
The definitions of the mock states are adopted. For in-
stance, the total wave function of initial baryon A can be taken
as [60]
|A(n2S A+1
A
LA JA MJA )(PA)〉 ≡√
2EA
∑
MLA ,MS A
〈LA MLA S AMS A |JAMJA〉
∫
d3p1d
3p2d
3p3
×δ3(p1 + p2 + p3 − PA)ψnALA MLA (p1,p2,p3)χ123S A MS Aφ
123
A ω
123
A
× |q1(p1)q2(p2)q3(p3)〉 , (2)
which satisfies the normalization condition
〈A(PA)|A(P ′A)〉 = 2EAδ3(PA − P ′A). (3)
The PA, p1, p2, and p3 are the momenta of the baryon
A, quark q1, quark q2, and quark q3, respectively. EA
is the total energy of the baryon A. χ123
S A MS A
, φ123
A
, ω123
A
,
ψnALA MLA (p1,p2,p3) are the spin, flavor, color, and space wave
functions, respectively. The definitions final states B and C
are similar to that of initial state A, which can be found in
Ref. [53].
For the decay of the singly heavy baryonsΛQ and ΣQ, three
possible rearrangements exist
A(q1, q2,Q3) + P(q4, q¯5) → B(q2, q4,Q3) +C(q1, q¯5), (4)
A(q1, q2,Q3) + P(q4, q¯5) → B(q1, q4,Q3) +C(q2, q¯5), (5)
A(q1, q2,Q3) + P(q4, q¯5)→ B(q1, q2, q4) + C(Q3, q¯5), (6)
which are also performed in Fig. 2. It can be noticed that he
first and second cases correspond to the heavy baryon plus
the light meson channels, while the third one denotes the light
baryon plus the heavy meson decay mode.
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FIG. 2: The baryon decay process A → B +C in the 3P0 model.
The helicity amplitude MMJA MJB MJC of the decay process
A → B +C can be related to the S matrix
〈 f |S |i〉 = I − i2piδ(E f − Ei)MMJA MJB MJC . (7)
Take the A(q1, q2, b3) + P(q4, q¯5) → B(q1, q4, b3) + C(q2, q¯5)
shown in Fig. 1(b) as an example, the helicity amplitude
3MMJA MJB MJC can be expressed as,
δ3(pB + pC − pA)MMJA MJB MJC =
−γ
√
8EAEBEC
∑
MρA
∑
MLA
∑
MρB
∑
MLB
∑
MS 1 ,MS 3 ,MS 4 ,m
×〈 jA M jAS 3MS 3 |JAMJA〉〈LρA MLρA LλA MLλA |LAMLA〉
×〈LAMLA S 12MS 12 | jAM jA〉〈S 1MS 1S 2MS 2 |S 12MS 12〉
×〈 jBM jBS 3MS 3 |JBMJB〉〈LρB MLρB LλB MLλB |LBMLB〉
×〈LBMLB S 14MS 14 | jBM jB〉〈S 1MS 1S 4MS 4 |S 14MS 14〉
×〈1m1 − m|00〉〈S 4MS 4S 5MS 5 |1 − m〉
×〈LC MLC S C MS C |JC MJC 〉〈S 2MS 2S 5MS 5 |S C MS C 〉
×〈φ143B φ25C |φ123A φ450 〉I
MLA m
MLB MLC
(p), (8)
where 〈φ143
B
φ25
C
|φ123
A
φ45
0
〉 and IMLA m
MLB MLC
(p) are the overlaps of the
flavor part and space part, respectively. Here, the overlap of
space part I
MLA m
MLB MLC
(p) can be expressed as
I
MLA m
MLB MLC
(p) =
∫
d3p1d
3p2d
3p3d
3p4d
3p5
×δ3(p1 + p2 + p3 − PA)δ3(p4 + p5)
×δ3(p1 + p4 + p3 − PB)δ3(p2 + p5 − PC)
×ψ∗B(p1,p4,p3)ψ∗C(p2,p5)
×ψA(p1,p2,p3)Ym1
(
p4 − p5
2
)
. (9)
It should be mentioned that the overlap of space part not only
relies on the magnetic quantum numbers, but also depends
on the radial and orbital quantum numbers which are usually
omitted for simplicity.
Then, the decay width Γ(A → BC) can be calculated
straightforwardly
Γ = pi2
p
M2
A
s
2JA + 1
∑
MJA ,MJB ,MJC
|MMJA MJB MJC |2, (10)
where p = |p| =
√
[M2
A
−(MB+MC )2][M2A−(MB−MC )2]
2MA
is the momen-
tum of the final states. The statistical factor s = 1/(1 + δBC)
always equals to one for B and C cannot be identical particles
in present calculations.
The explicit notations of initial excited singly heavy
baryons together with their predicted masses [9] are presented
in Tab. I. For the initial higher excited states, the predicted
masses are adopted to calculate their strong decay behaviors.
For the final ground states, their masses are taken from the Re-
view of Particle Physics [61]. The harmonic oscillator wave
functions are employed to estimate the overlap of space part.
For the harmonic oscillator parameters of different mesons,
the effective values are used as in Ref. [57]. For the baryon
parameters, we use αρ = 400 MeV and
αλ =
(
3mQ
2mq + mQ
)1/4
αρ, (11)
where the mQ and mq are the heavy and light quark masses, re-
spectively [30, 48, 59]. The mu/d = 220MeV, ms = 419MeV,
mc = 1628 MeV, and mb = 4.977 MeV are introduced
to take into account the mass differences of heavy and light
quarks [7, 57, 62]. The overall parameter γ, can be determined
by the well established Σc(2520)
++ → Λcpi+ process. The
γ = 9.83 can reproduce the width Γ[Σc(2520)
++ → Λcpi+] =
14.78 MeV [48, 61], and also describe the decay widths of
ground states Σb and Σ
∗
b
to Λbpi well [59].
III. STRONG DECAYS OF THE HIGHER ΛQ STATES
A. ΛQ(3S )
In the constituent quark model, there is only one λ−mode
Λc(3S ) state with J
P
= 1/2+. Its mass is estimated to be
∼ 3130 MeV within the relativistic quark model, which lies
above the D(∗)N thresholds. The strong decay behaviors are
performed in Tab. II. The Λc(3S ) state may be a relatively
narrow state with a width of ∼ 69 MeV. Its decays may be
governed by the D∗N channel. The branching ratio of the D∗N
channel is predicted to be
Br(Λc(3S )→ D∗N) = 95%, (12)
which is independent with the overall parameter γ.
From the heavy flavor symmetry, the mass and decay be-
haviors of the Λb(3S ) state should be similar to that of the
Λc(3S ). From Tab. I, the predicted mass gaps are
m[Λc(3S )] − m[Λc] = 844 MeV (13)
and
m[Λb(3S )] − m[Λb] = 835 MeV, (14)
which preserve the heavy flavor symmetry well. From Tab. III,
it can be seen that total decay width of Λb(3S ) is about 52
MeV, and the main decay mode is B∗N channel. The branch-
ing ratio of B∗N channel is predicted to be
Br(Λb(3S )→ B∗N) = 89%. (15)
It should be mentioned that the λ−mode Λc(3S ) and Λb(3S )
states mainly decay into the D∗N and B∗N channels, respec-
tively, which indicate that these heavymeson plus light baryon
final states should be ideal channels to to search for these
ΛQ(3S ) states in future experiments.
B. ΛQ(2P)
In the conventional quark model, there are two λ−type
Λc(2P) states with J
P
= 1/2− and JP = 3/2−. The pre-
dicted masses in the relativistic quark model are around 2983
and 3005 MeV, respectively, and their strong decay widths are
listed in Tab. IV. It can be seen that the dominated decay chan-
nels of these two states are D∗N and DN, while other decay
modes can be neglected.
As mentioned in the Introduction, the Λc(2940) is a good
candidate of theΛc(2P) states in the consideration of the mass
4TABLE I: Notations, quantum numbers, and the predicted masses of the relevant excited singly heavy baryons. The nρ and Lρ denote the
radial and orbital angular momenta between the two light quarks, respectively, while nλ and Lλ correspond to the radial and angular momenta
between the light quark system and heavy quark, respectively. L is the total orbital angular momentum, S ρ is the total spin of the light quarks,
j is total angular momentum of light quark system, J is the total angular momentum, and P stands for the parity. The predicted masses of these
higher excited singly heavy baryons are taken from the relativistic quark model [9]. The units are in MeV.
State nρ Lρ nλ Lλ L S ρ j J
P Charmed Bottom
ΛQ(3S ) 0 0 2 0 0 0 0
1
2
+
3130 6455
ΣQ(3S ) 0 0 2 0 0 1 1
1
2
+
3271 6575
Σ
∗
Q(3S ) 0 0 2 0 0 1 1
3
2
+
3293 6583
ΛQ1(
1
2
−
, 2P) 0 0 1 1 1 0 1 1
2
−
2983 6326
ΛQ1(
3
2
−
, 2P) 0 0 1 1 1 0 1 3
2
−
3005 6333
ΣQ0(
1
2
−
, 2P) 0 0 1 1 1 1 0 1
2
−
3172 6440
ΣQ1(
1
2
−
, 2P) 0 0 1 1 1 1 1 1
2
−
3125 6430
ΣQ1(
3
2
−
, 2P) 0 0 1 1 1 1 1 3
2
−
3172 6430
ΣQ2(
3
2
−
, 2P) 0 0 1 1 1 1 2 3
2
−
3151 6423
ΣQ2(
5
2
−
, 2P) 0 0 1 1 1 1 2 5
2
−
3161 6421
ΛQ2(
3
2
+
, 2D) 0 0 1 2 2 0 2 3
2
+
3189 6526
ΛQ2(
5
2
+
, 2D) 0 0 1 2 2 0 2 5
2
+
3209 6531
ΣQ1(
1
2
+
, 2D) 0 0 1 2 2 1 1 1
2
+
3370 6636
ΣQ1(
3
2
+
, 2D) 0 0 1 2 2 1 1 3
2
+
3366 6647
ΣQ2(
3
2
+
, 2D) 0 0 1 2 2 1 2 3
2
+
3364 6612
ΣQ2(
5
2
+
, 2D) 0 0 1 2 2 1 2 5
2
+
3365 6612
ΣQ3(
5
2
+
, 2D) 0 0 1 2 2 1 3 5
2
+
3349 6598
ΣQ3(
7
2
+
, 2D) 0 0 1 2 2 1 3 7
2
+
3342 6590
ΛQ3(
5
2
−
, 1F) 0 0 0 3 3 0 3 5
2
−
3097 6408
ΛQ3(
7
2
−
, 1F) 0 0 0 3 3 0 3 7
2
−
3078 6411
ΣQ2(
3
2
−
, 1F) 0 0 0 3 3 1 2 3
2
−
3288 6550
ΣQ2(
5
2
−
, 1F) 0 0 0 3 3 1 2 5
2
−
3283 6564
ΣQ3(
5
2
−
, 1F) 0 0 0 3 3 1 3 5
2
−
3254 6501
ΣQ3(
7
2
−
, 1F) 0 0 0 3 3 1 3 7
2
−
3253 6500
ΣQ4(
7
2
−
, 1F) 0 0 0 3 3 1 4 7
2
−
3227 6472
ΣQ4(
9
2
−
, 1F) 0 0 0 3 3 1 4 9
2
−
3209 6459
uncertainties of quark model. The mass of Λc(2940) lies be-
low the D∗N threshold, which leads to a narrow total decay
width. In previous work [48], the analysis of the strong de-
cays indicates that Λc(2940) can be well explained as the
JP = 3/2− Λc(2P) state in the N = 3 shell within the same
model and parameters adopted in present work. The detailed
discussions of these two λ−typeΛc(2P) states can be found in
Ref. [48].
The strong decay behaviors of Λb(2P) states with predicted
masses are shown in Tab. V. The total decay widths are 91
and 162 MeV for JP = 1/2− and JP = 3/2− states, respec-
tively. The main decay channels are BN and B∗N. It should be
mentioned that if the Λc(2940) corresponds to the J
P
= 3/2−
Λc(2P) state indeed, the masses of the Λb(2P) may lie below
the B∗N threshold as well considering the heavy flavor sym-
metry. The variation of strong decays versus the initialΛb(2P)
masses are shown in Fig. 3. When the initial masses decrease
below the B∗N threshold, the total decay width of JP = 1/2−
states approximately remain because of the large BN channel.
However, for the JP = 3/2− state, the total decay width drops
into several MeV if its mass is lower than the B∗N threshold.
This specific feature of Λb(2P) states may provide helpful in-
formation for future experimental searches.
5TABLE II: Decay widths of the Λc(3S ) state in MeV.
Mode Λc(3S )
Σ
++
c pi
− 0.11
Σ
+
c pi
0 0.11
Σ
0
cpi
+ 0.11
Σ
∗++
c pi
− 0.27
Σ
∗+
c pi
0 0.27
Σ
∗0
c pi
+ 0.27
Λcω 0.32
Ξ
′+
c K
0 0.08
Ξ
′0
c K
+ 0.08
D0p 0.04
D+n 0.10
D∗0p 32.00
D∗+n 33.43
DsΛ 1.83
Total width 69.03
C. ΛQ(2D)
The predicted masses of the two Λc(2D) states with J
P
=
3/2+ and JP = 5/2+ are around 3189 and 3209 MeV, respec-
tively. Until now, there is no experimental evidence of the Λc
states above 3000 MeV. We employe the predicted masses to
calculate their strong decay widths, and the results are per-
formed in Tab. VI. The total decay widths of these two states
are about 57 and 73 MeV, respectively. It is shown that the
dominated decay channel is D∗N for the JP = 3/2+ state,
while the main decay modes are both DN and D∗N final states
for the JP = 5/2+ states. The partial decay width ratios are
predicted to be
Γ[Λc2
(
3
2
+
, 2D
)
→ DN] : Γ[Λc2
(
3
2
+
, 2D
)
→ D∗N] = 9 × 10−3 (16)
and
Γ[Λc2
(
5
2
+
, 2D
)
→ DN] : Γ[Λc2
(
5
2
+
, 2D
)
→ D∗N] = 0.63. (17)
These different partial decay ratios can help us to distinguish
the two Λc(2D) states.
In the bottom sector, the similar situation happens. The
masses and total decay widths of the two Λb(2D) states are
almost same. The dominant decay channel is B∗N for the JP =
3/2+ state, while the main decay modes are BN and B∗N final
states for the JP = 5/2+ states. To distinguish these two states,
the partial decay ratios are needed. From Tab. VII, it is shown
that
Γ[Λb2
(
3
2
+
, 2D
)
→ BN] : Γ[Λb2
(
3
2
+
, 2D
)
→ B∗N] = 4 × 10−3 (18)
TABLE III: Decay widths of the Λb(3S ) state in MeV.
Mode Λb(3S )
Σ
+
b
pi− 0.19
Σ
0
b
pi0 0.19
Σ
−
b
pi+ 0.19
Σ
∗+
b
pi− 0.40
Σ
∗0
b
pi0 0.40
Σ
∗−
b
pi+ 0.41
Λbω 0.47
Ξ
′0
b
K0 0.02
Ξ
′−
b
K+ 0.03
Ξ
′∗0
b
K0 0.01
Ξ
′∗−
b
K+ 0.01
B−p 1.51
B0n 1.61
B∗−p 22.81
B∗0n 23.39
Total width 51.65
TABLE IV: Decay widths of the Λc(2P) states in MeV.
Mode Λc1(
1
2
−
, 2P) Λc1(
3
2
−
, 2P)
Σ
++
c pi
− 0.49 0.52
Σ
+
c pi
0 0.48 0.53
Σ
0
cpi
+ 0.49 0.52
Σ
∗++
c pi
− 0.50 0.97
Σ
∗+
c pi
0 0.51 0.97
Σ
∗0
c pi
+ 0.50 0.97
D0p 1.19 19.54
D+n 1.68 18.80
D∗0p 17.31 55.25
D∗+n 16.67 56.59
Total width 39.84 154.67
and
Γ[Λb2
(
5
2
+
, 2D
)
→ BN] : Γ[Λb2
(
5
2
+
, 2D
)
→ B∗N] = 0.70, (19)
which in independent with the quark pair creation strengthen.
To sum up, the λ−mode ΛQ(2D) states mainly decay into
heavymeson plus light baryon final states, which can be tested
by future experiments.
6TABLE V: Decay widths of the Λb(2P) states in MeV.
Mode Λb1(
1
2
−
, 2P) Λb1(
3
2
−
, 2P)
Σ
+
b
pi− 0.76 0.60
Σ
0
b
pi0 0.75 0.61
Σ
−
b
pi+ 0.78 0.58
Σ
∗+
b
pi− 0.94 1.34
Σ
∗0
b
pi0 0.95 1.34
Σ
∗−
b
pi+ 0.92 1.35
B−p 12.47 17.42
B0n 13.07 17.04
B∗−p 30.33 60.76
B∗0n 29.91 61.37
Total width 90.90 162.42
TABLE VI: Decay widths of the Λc(2D) states in MeV.
Mode Λc2(
3
2
+
, 2D) Λc2(
5
2
+
, 2D)
Σ
++
c pi
− 0.07 0.08
Σ
+
c pi
0 0.07 0.08
Σ
0
cpi
+ 0.07 0.08
Σ
∗++
c pi
− 0.10 0.14
Σ
∗+
c pi
0 0.10 0.14
Σ
∗0
c pi
+ 0.10 0.14
Λcω 0.17 0.19
Ξ
′+
c K
0 0.09 2 × 10−3
Ξ
′0
c K
+ 0.10 2 × 10−3
Ξ
′∗+
c K
0 0.01 0.06
Ξ
′∗0
c K
+ 0.01 0.06
D0p 0.27 13.85
D+n 0.18 13.69
D∗0p 26.69 22.00
D∗+n 26.02 22.03
DsΛ 3.29 0.46
Total width 57.32 73.00
D. ΛQ(1F)
For theΛc(1F) states, the predictedmasses are around 3097
and 3078 MeV for the JP = 5/2− and JP = 7/2− states, re-
spectively. The calculated strong decay widths are listed in
Tab. VIII. It is shown that the DN and D∗N are the dominated
decay modes for these F−wave states, while the contribution
of heavy baryon plus light meson final states can be neglected.
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FIG. 3: The decay widths of the Λb1(
1
2
−
, 2P) and Λb1(
3
2
−
, 2P) states
as functions of the their masses.
Since the heavy flavor symmetry, the Λb(1F) states have the
similar properties to the charm sector. We perform their strong
decay behaviors in Tab. IX for reference.
From Tab. I, it can be found that the predicted masses of
ΛQ(1F) states lie about 70 − 100 MeV above the ΛQ(2P)
states. The total decay widths are about 40 − 90 MeV, and for
the Λc(1F) states the main decay channels are D
(∗)N, while
for the Λb(1F) states, the main decay modes are B
(∗)N. Con-
sidering the Λc(2940) observed in the D
0p invariant mass by
the LHCb Collaboration, we hope further experiments can be
carried out to search for these ΛQ(1F) states in the D
(∗)N and
B(∗)N final states.
IV. STRONG DECAYS OF THE HIGHER ΣQ STATES
A. ΣQ(3S )
In the constituent quarkmodel, there are two λ−mode 3S Σc
states, Σc(3S ) and Σ
∗
c(3S ). From Tab. I, the predicted masses
of Σc(3S ) and Σ
∗
c(3S ) are around 3271 and 3293 MeV, respec-
tively. With this predicted masses, their strong decays are pre-
7TABLE VII: Decay widths of the Λb(2D) states in MeV.
Mode Λb2(
3
2
+
, 2D) Λb2(
5
2
+
, 2D)
Σ
+
b
pi− 0.10 0.10
Σ
0
b
pi0 0.10 0.10
Σ
−
b
pi+ 0.10 0.10
Σ
∗+
b
pi− 0.18 0.20
Σ
∗0
b
pi0 0.18 0.20
Σ
∗−
b
pi+ 0.18 0.20
Λbω 0.29 0.30
Ξ
′0
b
K0 0.09 8 × 10−4
Ξ
′−
b
K+ 0.09 9 × 10−4
Ξ
′∗0
b
K0 0.01 0.09
Ξ
′∗−
b
K+ 0.01 0.09
B−p 0.21 21.77
B0n 0.18 21.69
B∗−p 50.61 30.91
B∗0n 50.35 30.82
BsΛ 4.40 0.09
Total width 107.06 106.67
TABLE VIII: Decay widths of the Λc(1F) states in MeV.
Mode Λc3(
5
2
−
, 1F) Λc3(
7
2
−
, 1F)
Σ
++
c pi
− 0.38 0.02
Σ
+
c pi
0 0.39 0.02
Σ
0
cpi
+ 0.38 0.02
Σ
∗++
c pi
− 0.09 0.30
Σ
∗+
c pi
0 0.09 0.30
Σ
∗0
c pi
+ 0.09 0.30
Λcω 0.01 3 × 10−4
Ξ
′+
c K
0 4 × 10−4 6 × 10−12
Ξ
′0
c K
+ 6 × 10−4 9 × 10−11
D0p 25.86 2.36
D+n 25.34 2.18
D∗0p 10.25 17.88
D∗+n 9.65 16.71
DsΛ 0.02 · · ·
Total width 72.54 40.08
TABLE IX: Decay widths of the Λb(1F) states in MeV.
Mode Λb3(
5
2
−
, 1F) Λb3(
7
2
−
, 1F)
Σ
+
b
pi− 0.39 0.02
Σ
0
b
pi0 0.39 0.02
Σ
−
b
pi+ 0.38 0.02
Σ
∗+
b
pi− 0.12 0.45
Σ
∗0
b
pi0 0.12 0.45
Σ
∗−
b
pi+ 0.12 0.44
Λbω 2 × 10−4 5 × 10−4
B−p 27.07 2.01
B0n 26.81 1.95
B∗−p 16.28 37.26
B∗0n 16.04 36.79
Total width 87.71 79.42
sented in Tab. X. Our results show that the total decay widths
of Σc(3S ) and Σ
∗
c(3S ) states are 58 and 89 MeV, respectively.
The main decay channels of these two 3S Σc states are D∆
and D∗∆ other than DN and D∗N. For the Σc(3S ) state, the
branching ratios of DN, D∗N, D∆, and D∗∆ modes are pre-
dicted to be
Br(DN,D∗N,D∆,D∗∆) = 0.67%, 0.03%, 27.29%, 66.27%. (20)
For the Σ∗c(3S ) state, the branching ratios of DN, D
∗N, D∆,
and D∗∆ modes are predicted to be
Br(DN,D∗N,D∆,D∗∆) = 2.33%, 0.11%, 7.97%, 85.92%. (21)
These branching ratios are independent on the overall γ and
can be employed to distinguish these two states.
The predicted masses of Σb(3S ) and Σ
∗
b
(3S ) are around
6575 and 6583 MeV, respectively. From Tab. XI, it is shown
that the total decay widths of Σb(3S ) and Σ
∗
b
(3S ) states are 87
and 104 MeV, respectively. The dominated decay channels of
these two bottom baryons are B∆ and B∗∆. For the Σb(3S )
state, the branching ratios of BN, B∗N, B∆, and B∗∆ modes
are
Br(BN,B∗N, B∆, B∗∆) = 0.48%, 1.53%, 52.14%, 42.84%. (22)
For the Σ∗
b
(3S ) state, the branching ratios of BN, B∗N, B∆,
and B∗∆ modes are predicted to be
Br(BN,B∗N, B∆, B∗∆) = 1.89%, 1.35%, 28.23%, 64.92%. (23)
These branching ratios suggest that the B∆ and B∗∆ final
states are the ideal channels to hunt for the Σb(3S ) and Σ
∗
b
(3S )
states. Moreover, the heavy flavor symmetry is approxi-
mately preserved by comparing the decay behaviors between
the charmed and bottom sectors.
B. ΣQ(2P)
Five λ-mode Σc(2P) states exist theoretically, and the esti-
mated masses in the relativistic quark model are about 3125−
8TABLE X: Decay widths of the Σc(3S ) states in MeV.
Mode Σ∗c(3S ) Σc(3S )
Λcpi
+ 1 × 10−4 2 × 10−3
Λcρ
+ 0.42 0.40
Σ
++
c pi
0 0.06 0.01
Σ
+
c pi
+ 0.06 0.01
Σ
∗++
c pi
0 0.05 0.10
Σ
∗+
c pi
+ 0.05 0.11
Σ
++
c ρ
0 0.39 0.08
Σ
+
c ρ
+ 0.41 0.08
Σ
∗+
c ρ
+ · · · 5 × 10−4
Σ
++
c η 0.12 0.03
Σ
∗++
c η 0.06 0.16
Σ
++
c ω 0.31 0.07
Ξ
+
c K
+ 0.42 0.42
Ξ
′+
c K
+ 0.47 0.13
Ξ
′∗+
c K
+ 0.16 0.47
D+p 0.39 2.07
D∗+ p 0.02 0.10
D0∆++ 11.68 5.20
D+∆+ 4.12 1.87
D∗0∆++ 29.64 57.85
D∗+∆+ 8.73 18.33
DsΣ
+ 0.33 1.20
Total 57.90 88.66
3172MeV. Until now, there is no experimental information for
these states. With the predicted masses within the relativistic
quark model [9], their strong decays are calculated and listed
in Tab. XII. The total decay widths of these five states are
about 23 − 100 MeV, which are relatively narrow. Roughly
speaking, the dominant decay modes are light baryon plus
heavy meson channels. These relatively narrow total widths
and large D(∗)N partial decay widths suggest that these states
may be easily observed in future experiments.
In previous work [48], the strong decay behaviors have
been investigated with the calculated masses in the relativized
quark model proposed by Capstick and Isgur [7]. Due to the
small differences of the initial baryon masses, the total de-
cay widths change a little, but the conclusions are similar to
present ones.
In the same way, the strong decays of five Σb(2P) states are
investigated and presented in Tab. XIII. Since the predicted
masses of Σ(2P) states are lower than the B∆ threshold, the
total widths and dominated decay channels are quite different
with the charmed baryon sector. For the Σb0(
1
2
−
, 2P) state,
TABLE XI: Decay widths of the Σb(3S ) states in MeV.
Mode Σ∗
b
(3S ) Σb(3S )
Λbpi
+ 4 × 10−4 1 × 10−3
Λbρ
+ 0.70 0.69
Σ
+
b
pi0 0.13 0.03
Σ
0
b
pi+ 0.13 0.03
Σ
∗+
b
pi0 0.08 0.18
Σ
∗0
b
pi+ 0.08 0.18
Σ
+
b
η 0.20 0.05
Σ
∗+
b
η 0.10 0.24
Ξ
0
b
K+ 0.45 0.45
Ξ
′0
b
K+ 0.39 0.10
Ξ
′∗0
b
K+ 0.17 0.46
B0p 0.42 1.97
B∗0p 1.34 1.41
B−∆++ 34.21 22.04
B0∆+ 11.39 7.34
B∗−∆++ 28.10 50.67
B∗0∆+ 9.37 16.89
BsΣ
+ 0.22 1.33
Total 87.46 104.06
the main decay channel is ΞbK, while other modes are rather
small. For the two j = 1 states, the dominating decay modes
are Λbρ, BN, and B
∗N final states. From the heavy quark spin
symmetry, the two j = 1 states should have similar properties,
such as masses and total widths. Indeed, the predicted masses
and total decay widths of these two states are almost same.
The partial decay width ratios of BN and B∗N are predicted to
be
Γ[Σb1
(
1
2
−
, 2P
)
→ BN] : Γ[Σb1
(
1
2
−
, 2P
)
→ B∗N] = 0.14(24)
and
Γ[Σb1
(
3
2
−
, 2P
)
→ BN] : Γ[Σb1
(
3
2
−
, 2P
)
→ B∗N] = 0.65,(25)
which are essential to distinguish them. The two j = 2 states
mainly decay into the Λpi, BN, and B∗N final states, and also
have similar masses and total decay widths. The partial decay
width ratios of BN and B∗N are
Γ[Σb2
(
3
2
−
, 2P
)
→ BN] : Γ[Σb1
(
1
2
−
, 2P
)
→ B∗N] = 0.03(26)
and
Γ[Σb2
(
5
2
−
, 2P
)
→ BN] : Γ[Σb1
(
3
2
−
, 2P
)
→ B∗N] = 0.75.(27)
9TABLE XII: Decay widths of the Σc(2P) states in MeV.
Mode Σc0(
1
2
−
, 2P) Σc1(
1
2
−
, 2P) Σc1(
3
2
−
, 2P) Σc2(
3
2
−
, 2P) Σc2(
5
2
−
, 2P)
Λcpi
+ 0.91 · · · · · · 2.09 2.12
Λcρ
+ · · · 4.42 3.60 0.31 0.39
Σ
++
c pi
0 · · · 0.08 0.63 1.06 0.49
Σ
+
c pi
+ · · · 0.08 0.63 1.06 0.49
Σ
∗++
c pi
0 · · · 0.77 0.63 0.80 1.30
Σ
∗+
c pi
+ · · · 0.77 0.63 0.80 1.30
Σ
++
c η · · · 1.50 0.09 0.12 0.06
Σ
∗++
c η · · · 0.02 1.67 0.03 0.07
Ξ
+
c K
+ 5.36 · · · · · · 0.51 0.58
Ξ
′+
c K
+ · · · 4.93 0.05 0.05 0.03
Ξ
′∗+
c K
+ · · · · · · 4.25 4 × 10−4 3 × 10−3
D+p 3.74 4.31 3.31 0.67 10.66
D∗+p 0.39 7.69 6.71 26.45 17.28
D0∆++ 6.83 0.38 14.07 49.42 3.43
D+∆+ 2.00 0.08 4.60 17.26 0.98
DsΣ
+ 4.07 · · · 0.01 · · · 4 × 10−4
Total 23.31 25.03 40.88 100.62 39.18
TABLE XIII: Decay widths of the Σb(2P) states in MeV.
Mode Σb0(
1
2
−
, 2P) Σb1(
1
2
−
, 2P) Σb1(
3
2
−
, 2P) Σb2(
3
2
−
, 2P) Σb2(
5
2
−
, 2P)
Λbpi
+ 0.73 · · · · · · 2.84 2.83
Λbρ
+ · · · 6.44 6.44 0.04 0.03
Σ
+
b
pi0 · · · 0.39 0.60 1.04 0.46
Σ
0
b
pi+ · · · 0.40 0.60 1.04 0.46
Σ
∗+
b
pi0 · · · 1.06 1.10 0.91 1.40
Σ
∗0
b
pi+ · · · 1.06 1.11 0.91 1.40
Σ
+
b
η · · · 2.51 0.02 0.03 0.01
Σ
∗+
b
η · · · 0.02 2.47 0.01 0.01
Ξ
0
b
K+ 7.78 · · · · · · 0.29 0.28
Ξ
′0
b
K+ · · · 1.07 1 × 10−6 · · · · · ·
B0p 1.18 1.55 4.50 0.87 13.86
B∗0p 0.06 11.00 6.91 30.39 18.38
Total 9.75 25.50 23.75 38.35 39.11
These five narrow Σb(2P) states can be searched in BN and
B∗N final states, and the ratios of BN and B∗N can help us to
distinguish the states with same light spin j.
C. ΣQ(2D)
In the constituent quark model, six Σc(2D) states are al-
lowed to exist. The predicted masses are much higher than
the DN, D∗N, D∆, and D∗∆ thresholds, and these channels
provide dominating contributions to their total decay widths.
From Tab. XIV, the total decay widths of these six states lie
in 41 − 102 MeV, which can be searched in the heavy meson
plus light baryon channels experimentally.
The six Σb(2D) states have rather higher masses of around
6600 MeV. From Tab. XV, it can be seen that they mainly de-
cay into the heavy meson plus light baryon final states, which
are similar to the charmed partners. The total decay widths
varies from 44 to 102 MeV, which can be tested in future ex-
periments.
D. ΣQ(1F)
For the six Σc(1F) states, the predicted masses are about
3209 − 3288 MeV, which are near the D∗∆ threshold. With
these masses, the calculated strong decay widths are shown
in Tab. XVI. Roughly speaking, the DN, D∗N and D∆ decay
modes are the dominating, while other decay channels seem
to be small. Their calculated total decay widths are about
6 − 53 MeV, which are relatively narrow. The DN, D∗N and
D∆ channels may be ideal channels to hunt for these F−wave
states.
The predicted masses of six Σb(1F) states are around 6500
MeV. Due to the limit of phase space, the B∆ and B∗∆ decay
modes are forbidden or provide negligible contributions. In
this situation, the BN and B∗N channels become the dominat-
ing decaymodes, and theΛbpi channel is also important for the
j = 2 and j = 4 states. From Tab. XVII, the calculated total
decay widths range from 4 to 46 MeV, and the ideal channels
to search for these states are BN, B∗N and Λbpi final states.
V. SUMMARY
In this work, we preform a systematic study of the strong
decays of the higher excited singly heavy baryons ΛQ and ΣQ
states. With the predicted masses of the relativistic quark
model, the two body OZI-allowed strong decay widths of
ΛQ(3S ),ΛQ(2P),ΛQ(2D),ΛQ(1F), ΣQ(3S ), ΣQ(2P), ΣQ(2D),
and ΣQ(1F) states are calculated by using the
3P0 quark pair
creation model. Our results may provide useful information
to look for these higher ΛQ and ΣQ states.
It should be mention that most of the λ−mode higher ex-
cited ΛQ and ΣQ states have relatively narrow total widths,
and mainly decay into the heavy meson plus light baryon final
states. These specific decay modes can help us to establish
the λ−mode higher singly baryon spectrum since the ρ−mode
states decaying into the heavy meson plus light baryon chan-
nels are highly suppressed. To be more specific, most of the
higher ΛQ states mainly decay into the D
(∗)N or B(∗)N chan-
nels, while most of the higher ΣQ states mainly decay into the
D(∗)∆ or B(∗)∆ final states. However, for some of the 2P and
1F states, the predicted masses may lie near or below the rel-
evant D(∗)N, B(∗)N, D(∗)∆ or B(∗)∆ threshold, and other decay
channels may be important due to the phase space constraints.
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TABLE XIV: Decay widths of the Σc(2D) states in MeV.
Mode Σc1(
1
2
+
, 2D) Σc1(
3
2
+
, 2D) Σc2(
3
2
+
, 2D) Σc2(
5
2
+
, 2D) Σc3(
5
2
+
, 2D) Σc3(
7
2
+
, 2D)
Λcpi
+ 0.02 0.02 · · · · · · 0.29 0.28
Λcρ
+ 0.10 0.10 0.28 0.28 0.13 0.12
Σ
++
c pi
0 5 × 10−3 1 × 10−3 0.01 0.11 0.12 0.06
Σ
+
c pi
+ 5 × 10−3 1 × 10−3 0.01 0.11 0.12 0.06
Σ
∗++
c pi
0 0.01 0.02 0.16 0.11 0.11 0.15
Σ
∗+
c pi
+ 0.01 0.02 0.16 0.11 0.11 0.15
Σ
++
c ρ
0 0.05 0.07 0.15 0.02 0.52 3 × 10−3
Σ
+
c ρ
+ 0.05 0.07 0.15 0.02 0.52 3 × 10−3
Σ
∗++
c ρ
0 0.05 0.06 0.03 0.10 0.07 0.28
Σ
∗+
c ρ
+ 0.06 0.06 0.03 0.11 0.07 0.28
Σ
++
c η 0.03 0.01 0.07 0.03 0.03 0.01
Σ
∗++
c η 0.02 0.05 0.04 0.12 0.02 0.02
Σ
++
c ω 0.05 0.06 0.14 0.02 0.51 2 × 10−3
Σ
∗++
c ω 0.05 0.05 0.03 0.09 0.06 0.23
Ξ
+
c K
+ 0.32 0.32 · · · · · · 0.10 0.09
Ξ
′+
c K
+ 0.13 0.03 0.29 0.02 0.02 0.01
Ξ
′∗+
c K
+ 0.06 0.15 0.07 0.33 0.01 0.01
Ξ
+
c K
∗+ 0.01 5 × 10−3 5 × 10−3 0.01 · · · · · ·
D+p 6.38 0.39 3.43 2.01 0.15 5.46
D∗+p 0.81 2.10 8.50 5.97 19.35 11.03
D0∆++ 0.15 19.25 2.82 15.16 3.95 7.66
D+∆+ 0.06 6.24 0.97 4.92 1.46 2.46
D∗0∆++ 21.54 16.52 23.33 30.00 26.01 54.55
D∗+∆+ 6.83 5.31 7.57 9.93 8.58 18.11
DsΣ
+ 1.11 0.08 0.71 0.45 0.03 0.87
D∗sΣ
+ 2.32 6.41 1.54 4.01 0.07 0.02
DsΣ
∗+ 0.77 0.03 0.26 1 × 10−4 · · · · · ·
Total 40.98 57.40 50.75 74.07 62.41 101.95
Considering the uncertainties of the adopted masses and
the 3P0 model, one do not expect the estimated decay widths
are accurate. Our predictions should bear uncertainties about
30% and be regarded as a semi-quantitative estimation. Still,
our calculations demonstrate the general feature and pro-
vide abundant theoretical information for these higher excited
singly heavy baryons, which may be helpful for future exper-
imental searches.
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2
−
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5
2
−
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−
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7
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−
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7
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